Abstract: Increasing recognition of the role of B cells in the adaptive immune response makes B cells an important therapeutic target in autoimmunity. Numerous current and developmental immunotherapies target B cells for elimination through recognition of cellsurface proteins expressed specifically on B cells, in particular CD19 and CD20. Similarities and differences in the function and expression of these two molecules predict some shared, and some distinct, pharmacological effects of agents targeting CD19 versus CD20, potentially leading to differences in the clinical safety and efficacy of such agents. Here, we review current knowledge of CD19 and CD20 function and biology, survey current and developmental therapies that target these molecules, and discuss potential differences in elimination of B cells by drugs that target CD19 versus CD20, with particular focus on the central nervous system autoimmune diseases multiple sclerosis and neuromyelitis optica. The principles and mechanisms herein discussed might also be relevant to a variety of other nervous system autoimmune disorders, including NMDA (N-methyl-D-aspartate) receptor encephalitis, transverse myelitis and myasthenia gravis.
Introduction
B lymphocytes, also known as B cells, are mononuclear cells of the lymphocyte subset. B cells are critical in host defense by providing the humoral immunity component of the adaptive immune system through the secretion of antibodies (Abs) as well as by interacting with T cells and by generation of chemokines/cytokines. Subsets of B cells, in particular plasma cells and plasmablasts, have long been recognized as the primary source of Abs. 1 B cells have been implicated in the pathogenesis of a number of autoimmune diseases, including the central nervous system (CNS) disorders, multiple sclerosis (MS) and neuromyelitis optica spectrum disorder (NMOSD). The mechanisms by which B cells contribute to the pathophysiology of MS and NMOSD are incompletely understood, but available evidence points to multiple roles in induction of an autoimmune response. Consequently, monoclonal antibodies (mAbs) that deplete B cells are being investigated and used for the treatment of these diseases.
In this review, we provide an update on the current knowledge of CD19 and CD20 function and biology, and summarize current and developmental therapies that target these molecules. Moreover, we discuss potential differences in elimination of B cells by drugs that target CD19 versus CD20, with particular focus on the CNS autoimmune diseases MS and neuromyelitis optica.
B cells in CNS autoimmunity

B cells in MS
In 1942, Elvin Kabat was one of the first investigators to detect monoclonal spikes of immunoglobulin (Ig), later termed oligoclonal bands (OCBs), in the cerebrospinal fluid (CSF) of patients with MS. 2 These bands are not present in serum, indicating that they originate in the CNS. It has been speculated that these oligoclonal Abs may trigger and perpetuate disease activity. However, molecular and cellular host and pathogenic targets of OCBs in MS have not yet been identified. Histopathological studies also showed an abundance of Ig in some MS lesions, further suggesting an aberrant humoral immune response against CNS antigens. 3 Molecular analyses of B lymphocytes in MS lesions showed hypermutations, and suggest a compartmentalized expansion of antigen-specific B cell populations. 4 Prineas and Wright first described lymphoid tissue in cerebral perivascular spaces (CPVS) of autopsy-derived brain tissue of MS patients. 5 In some patients, these lymphoid structures display characteristics of germinal centers in secondary lymphoid organs, where B cells proliferate and differentiate, and where B cell receptor (BCR) hypermutation occurs. 6 CPVS also likely represent the primary anatomical structure in which antigen presentation within the brain occurs. Hematopoietically derived myeloid cell subsets and B cells reside in these spaces. Magliozzi and colleagues showed more recently that B cell follicles also exist in the cerebral meninges of patients with MS, 7 and Serafini and colleagues demonstrated that these follicular structures are sites of Epstein-Barr virus (EBV) latency. 8 This is a potentially interesting observation, since immune responses against EBV have been associated with MS. [9] [10] [11] However, other investigators who attempted to reproduce the findings by Serafini and colleagues were unable to do so. 12 B cells may play roles in CNS inflammation beyond the production of Abs. B cells constitutively express major histocompatibility complex (MHC) class I 13 and II 14 molecules, and are capable of presenting antigens to CD8 + and CD4 + T cells, respectively. Li and colleagues showed that B cells of basal vertebrates are capable of phagocytosis. 15 However, B cells of mammalian species are incapable of engulfing proteins to phagocytose and digest them. In contrast to myeloid cells, B cells are able to endocytose Ab-fixed proteins. The unique role of B cells as antigen presenting cells (APC) results from the expression of the high-affinity BCR, which recognizes soluble antigens. 16 This endows B lymphocytes with superior antigen recognition capabilities and an ability to selectively present antigens. Furthermore, B cells can bestow antigen-selectivity to myeloid cells through Fc receptor-binding Ab (opsonization).
Clinical studies with anti-CD20 therapies indicate an important role of B lymphocytes as APCs and secretors of cytokines and chemokines. The substantial decrease in the number of CD20 + B cells after administration of the anti-CD20 mAb rituximab was associated with a rapid and significant decrease (>50% of pretreatment levels) in CD3 + T cells in the CSF of recipient MS patients. The reduction in T cells was thought to be the result of a diminished expression of the chemokines CXCL13 and CCL19, but likely also relates to a relative loss of antigen presentation and other trophic factors by B cells. 17 The rapid beneficial effects on magnetic resonance imaging (MRI) of the brain 12 weeks after initiation of rituximab therapy 18 suggests that the APC function of B cells, along with the expression of soluble inflammatory molecules, is crucial in the perpetuation of MS disease activity. In this study, the levels of CSF IgG were not affected by rituximab treatment.
B cells in NMOSD
NMOSD is an autoimmune disorder of the CNS that predominantly targets the optic nerves, brainstem and the spinal cord. 19, 20 Once the diagnosis of NMOSD is established on the basis of clinical manifestations, AQP4 autoantibody testing or MRI imaging, or a combination of these, 20 disease exacerbations are identified clinically and confirmed by MRI as indicated. Similar to relapsing-remitting MS (RRMS), 21, 22 the disease course of NMOSD is typically relapsing-remitting. Histopathological evaluations of biopsy and autopsy material identified perivascular IgM, IgG and complement (in particular the C9neo antigen) depositions, and immune cell infiltrate consisting of neutrophils, eosinophils and macrophages. 23 CD3 + and CD8 + T cells and natural killer cells are also present. 24 Lennon and colleagues identified NMOSD-IgG (also termed AQP4-IgG), an Ab that binds to aquaporin-4 (AQP4), in a subset of patients with NMOSD. 25, 26 AQP4 is critical for the transportation of water across the cell membrane of numerous cell types. Within the CNS, it is highly expressed in astrocytes. 27, 28 Many NMOSD lesions, regardless of age, journals.sagepub.com/home/tan 3 disease stage and disease activity, display an extensive loss of AQP4 immunoreactivity. [29] [30] [31] The pathogenicity of NMOSD-IgG has been demonstrated in animal models of NMOSD. [32] [33] [34] Chihara and colleagues showed a positive correlation between the number of CD20 − CD19 int CD27 high CD38 high C D180 − peripheral blood plasmablasts and the serum AQP4 Ab titers in NMOSD seropositive patients. 35 The percentage of peripheral blood plasmablasts also correlated with the number of disease relapses. Interleukin (IL)-6 promoted the survival of blood plasmablasts, and their production of AQP4-IgG in vitro. AQP4-expressing plasma cells (PCs) have also been identified in the CSF of an NMOSD patient following relapse. 36 More recently, Abs against other molecular targets, including myelin oligodendrocyte glycoprotein (MOG), have been identified in patients with NMOSD who are seronegative for AQP4-IgG, and mounting evidence suggests a role for some of these other autoantibodies in NMOSD pathogenesis. 37, 38 In summary, there is evidence to suggest that B cells play differential pathogenic roles in the CNS autoimmune diseases MS and NMOSD through multiple mechanisms including production of pathogenic autoantibodies, secretion of cytokines/ chemokines, antigen presentation and T cell interactions, providing a strong rationale for the pursuit of B cell depletion as a therapeutic strategy in these diseases. The apparent beneficial effects of B cell depletion in MS and NMOSD, discussed later, further support the important role that B cells play in these diseases.
CD19 and CD20
The largely B cell-restricted expression of two cell surface markers, CD19 and CD20, provides an opportunity to selectively target B cells with immunotherapeutic cytotoxic agents. Here, we highlight the expression and functions of CD19 and CD20 and discuss their utility as molecular targets for B cell depletion.
CD19. The CD19 antigen is a type I transmembrane glycoprotein that belongs to the immunoglobulin Ig superfamily. It is expressed on early pro-B cells, late pro-B cells, memory B cells, plasmablasts and some plasma cells, the latter of which are the main cellular source of protective, highly target-specific Abs, but also of autoantigen-specific Abs. [39] [40] [41] [42] The overall expression increases approximately threefold during B cell maturation.
CD19 impacts B lymphocyte activation and differentiation through modulation of BCR signaling. CD19 is relevant in establishing optimized immune responses by modulating (1) antigenindependent B cell development, and (2) immunoglobulin-induced B lymphocyte activation. Deficiency in CD19 in experimental animals and humans results in impaired humoral responses, and an overall increased susceptibility to infection. [42] [43] [44] In contrast, overexpression of a human (h)CD19 transgene under its endogenous promoter 45, 46 leads to an autoimmune disorder in the tight skin (TSK/ + ) mouse, a model of human systemic sclerosis (SSc). 47 In this disease model, skin sclerosis was possibly the consequence of interleukin (IL-6) overexpression and auto-Ab secretion. The hCD19 transgenic mouse model has also been used to explore CD19 as a therapeutic molecular target. Two weeks after a single administration of anti-CD19 mAbs, the majority of mature B cells in the hCD19 mice were depleted, and serum IgM, IgG, and IgA Ab levels were significantly diminished. 48 CD20. CD20 is an activated-glycosylated transmembrane phosphoprotein whose expression initiates somewhat later, and is lost somewhat earlier, during B cell development and differentiation than is CD19. [49] [50] [51] [52] [53] CD20 is involved in B cell activation, differentiation, and calcium transport, and CD20 deficiency in humans results in a reduced capacity to mount a B cell response to T cell-independent antigens. 54 Like CD19, CD20 appears to exert effects through interaction with BCR, and substantial evidence points to a biological role for CD20 in amplifying calcium signals that are transduced through the BCR during antigen recognition by immature and mature B cells. 55 Expression of CD20 in Chinese hamster ovary (CHO) cells, for example, introduces a novel mechanism for calcium influx which is dependent on the cytoplasmic domain of CD20 responsible for association with lipid rafts, and in B cells a reduction of CD20 expression reduces calcium influx stimulated by BCR signaling. 56 Several investigators recently showed that a subset of CD3 + T cells also stains positive for CD20, and that these cells can be depleted with anti-CD20 therapy. [57] [58] [59] The therapeutic magnitude of this effect on clinical and paraclinical outcomes in human disease has yet to be determined.
CD19 and CD20 expression. Differential expression of CD19 and CD20 on late-stage B cells, specifically plasmablasts and plasma cells, predicts potential differences in the outcome of therapeutic targeting of B cells via these proteins. It has long been accepted that while both CD19 and CD20 expression are eventually lost from terminally differentiating plasma cells, CD19 expression persists on plasmablasts and some plasma cells after CD20 expression has been lost ( Figure 1 ). 42, [60] [61] [62] Recent immunophenotypic flow cytometry analyses of both the CD19 + and CD19 -B cell subsets in human blood and lymphoid tissues demonstrates that CD19 + plasma cells are the major immunoglobulin-secreting subset in peripheral blood, bone marrow, spleen and tonsils, with the CD19 + subset approximately threefold more abundant than the CD19 − subset in bone marrow and spleen ( Figure  2 ) (Groves et al., submitted). Importantly, these Ig-secreting cells were found to lack CD20 expression, with the exception of low-abundance CD20 + cells in tonsils. Furthermore, since IgG Abs to vaccine antigens, such as influenza, tetanus, measles, mumps and rubella (MMR) and polio, are produced by both CD19 + and CD19 − subsets, and CD19 − long-lived Ab-producing plasma cells, 66, 67 these results suggest that CD19-targeted depletion of B cells may leave previously established humoral immunity intact, while eliminating a main source of pathogenic autoantibodies.
Anti-CD19 therapies in autoimmunity
Numerous therapeutic agents that target CD19 have been, or are currently being, investigated in clinical studies for B cell-mediated hematological malignancies; these include AFM11, blinatumomab, MDX-1342, MOR208, SAR3419, and SGN-CD19A. 68 Of particular interest to CNS autoimmunity, two agents that target CD19 are in clinical development in autoimmune diseases: XmAb5871 and MEDI-551 (inebilizumab).
XmAb5871. This is a humanized Fc engineered Ab attached to FcgRIIb and the BCR. 69 It was previously shown that engagement of the low-affinity Ab receptor FcgRIIb downregulates B cell activation, and specifically suppresses only B cells recognizing cognate Ag, but does not cause B cell depletion. 70 XmAb5871 already completed a phase Ib/IIa clinical trial for moderate-to-severe rheumatoid arthritis, and entered into phase II development for the treatment of IgG4-related disorders and systemic lupus erythematosus (SLE).
MEDI-551 (inebilizumab)
. This is an afucosylated humanized IgG1 kappa anti-CD19 mAb. 71, 72 Among anti-CD19 therapies, MEDI-551 is the furthest along in development for NMOSD, and its pharmacological and biological properties will be outlined in more detail. The absence of fucose from MEDI-551 results in a 10-fold enhanced affinity of the mAb to FcγR IIIA (CD16), and mouse FcγRIV, and consequently increased antibody-dependent cellular cytotoxicity (ADCC) activity. 71 The B cell-depleting activity of MEDI-551 was demonstrated in both in vitro and in vivo studies. 71 Figure 1 . Summary of CD19 and CD20 expression during B cell development. CD19 expression is observed on earlier-stage B cells than is CD20. In addition, CD19 expression is found to persist on late-stage antibodysecreting B cells (plasmablasts and plasma cells) after CD20 expression has been lost.
SLE1 × hCD19 Tg mice, which spontaneously produce increasing levels of autoreactive Abs as they age, were used to assess some of the pharmacodynamic properties of MEDI-551. In these animals, MEDI-551 depletes B cells in the blood, bone marrow and spleens, including the splenic germinal center, rapidly and effectively. 73 Total serum IgM and IgG titers diminished significantly, and anti-double stranded DNA (IgM and IgG), anti-histone (IgG), anti-nuclear (IgG), and anti-single stranded DNA (IgG and IgM) were significantly decreased. The ability of MEDI-551 to decrease the number of Ab-secreting cells appears compartment-specific, and was more substantial in the spleen than in bone marrow. This is likely the result of higher terminally differentiated CD19 − plasma cell numbers in bone marrow.
The experimental autoimmune encephalomyelitis (EAE) animal model of MS also provided a strong rationale for development of MEDI-551 in MS and NMOSD. Chen and colleagues administered a single 10 mg/kg dose of MEDI-551 to human CD19 transgenic (hCD19Tg) mice, in which EAE was actively induced through vaccination with recombinant MOG protein (rhMOG ). 74 Specifically, MEDI-551 was administered before the onset of EAE, or when EAE disease was established. The infiltration of leukocytes into the spinal cord is significantly reduced. In addition, MEDI-551 treatment reduced the numbers of short-lived and long-lived autoreactive CD138 plasma cells in the spleen and bone marrow, respectively. Interestingly, these investigators also showed that potentially protective CD1d hi CD5 + regulatory B cells were relatively resistant to depletion, and that myelin-specific Foxp3 + regulatory T cells (Tregs) were expanded. In a follow-up study, the same authors demonstrated that MEDI-551 ameliorates EAE more effectively than does antimurine CD20 mAb. 75 MOG-specific Abs and short-lived and long-lived auto-Ab-secreting cells were essentially undetectable in MEDI-551-treated mice, but remained detectable in anti-CD20 mAb-treated mice. Residual disease severity in the CD20 mAb-treated animals positively correlated with the frequency of treatmentresistant plasma cells in the bone marrow, many of which were CD19 + .
Clinical investigations of MEDI-551 confirm the pharmacodynamic activities observed in animal models. In a phase I, randomized, double-blind, placebo-controlled clinical trial that evaluated single intravenous (IV) doses of MEDI-551 from 0.1 mg/kg to 10 mg/kg in patients with SSc, 76 MEDI-551 resulted in thorough and durable depletion of B cells, with longer duration of depletion associated with higher dose.
Although not powered to demonstrate efficacy, the study provided some evidence of MEDI-551 clinical activity on diseased skin.
MEDI-551 has also been assessed in a phase I, randomized, double-blind, placebo-controlled clinical trial in patients with RRMS. 77 MEDI-551 was administered IV at doses from 30 mg to 600 mg, or subcutaneously at doses from 60 mg to 300 mg, and achieved thorough depletion of circulating B cells at all doses tested. MEDI-551 exhibited an acceptable safety profile and reduced the mean number of cumulative new or enlarging MRI lesions over 24 weeks. Due to the small size of this study, however, any conclusions regarding efficacy of MEDI-551 in RRMS must be supported by further investigation.
In both of these phase I studies, depletion of plasma cells in treated patients was examined using a validated gene signature assay that provides a quantitative assessment of PCs in blood and tissue. 78 In both SSc and RRMS patients, MEDI-551 achieved dramatic reduction of circulating plasma cells which paralleled that of total B 79 In this study, efficacy is being assessed as a reduction in the risk of NMOSD attack in the first 6 months after treatment. In addition, pharmacodynamic effects on B cells (including plasmablasts and PCs), pathogenic autoantibody titers and other biomarkers will be examined to explore their relationship with clinical activity.
Anti-CD20 therapies in MS
Rituximab. The observations made in clinical trials with anti-CD20 mAbs has provided the strongest evidence to date to support a pathogenic role for B cells in MS and NMOSD. Rituximab is a chimeric IgG1 mAb that binds to the B lymphocyte surface antigen CD20. 80 It is generally thought that rituximab depletes B lymphocytes via ADCC and complement-dependent cytotoxicity (CDC) mechanisms. There is also some evidence that rituximab depletes B cells within CPVS, either directly, or more likely through preventing repopulation from peripheral compartments. 81 Work by Montalvao and colleagues suggests Ab-dependent cellular phagocytosis of B cells by Kupffer cells in the liver as the principal underlying mechanism of B cell reduction in mice. 82 The efficacy of rituximab was first studied in a phase II clinical trial. 18 The primary outcome was the total number of gadolinium-enhancing (Gd + ) lesions on brain MRI. Rituximab was superior to placebo in achieving this outcome. There were no new detectable lesions between weeks 12 and 48 (endpoint for the study) postinfusion. Rituximab was also tested in patients with primary-progressive MS (PPMS). In a placebocontrolled phase II trial, in which the primary endpoint was prevention of confirmed disease progression defined as an increase in the Expanded Disability Status Scale (EDSS) sustained for 12 weeks. 83 This endpoint was not reached. However, a preplanned subgroup analysis demonstrated that patient age and the presence of Gd + lesions on a baseline MRI may be predictors of therapeutic responsiveness. This analysis informed a phase III clinical trial of ocrelizumab for patients with PPMS, which led to its approval (see below).
Ocrelizumab. Results similar to those with rituximab were recently demonstrated with ocrelizumab, a humanized recombinant anti-CD20 mAb. 84 Its biological effects on B cells appear to be mediated primarily by ADCC rather than CDC. 85 A phase II, randomized, placebo-controlled, multicenter trial in patients with RRMS tested low-dose ocrelizumab (600 mg) on day 1 and 15, high-dose ocrelizumab (2000 mg) on day 1 and 15 or interferon beta (IFNβ)-1a once a week versus placebo. 84 At week 24, the number of CD + lesions on brain MRI was diminished by 89% in the low-dose, and by 96% in the highdose treatment groups. Both groups were significantly more effective than IFNβ-1a. The annualized relapse rate was significantly reduced in both ocrelizumab treatment groups compared with the placebo or IFNβ-1a groups. In two identical phase III trials, 821 and 835 patients with RRMS were randomized to receive ocrelizumab at a dose of 600 mg every 24 weeks or subcutaneous interferon beta-1a (IFNβ-1a; Rebif®) at a dose of 44 µg three times weekly for 96 weeks. 86 The annualized relapse rate was significantly lower with ocrelizumab than with IFNβ-1a in both trials. All other clinical and paraclinical outcomes favored ocrelizumab over IFNβ-1a. Ocrelizumab also recently became the first agent to be approved for patients with PPMS based on the results from a phase III trial that randomly assigned 732 patients in a 2:1 ratio to receive IV ocrelizumab (600 mg) or placebo every 24 weeks for at least 120 weeks and until a prespecified number of confirmed disability progression events had occurred. 87 Ocrelizumab was significantly superior to placebo in preventing disability progression confirmed at 12 weeks, the primary outcome. In the entire clinical trial program, ocrelizumab was relatively well tolerated.
Ofatumumab. This is a fully human IgG1 anti-CD20 mAb 88, 89 that depletes B lymphocytes predominantly through CDC. Ofatumumab has a higher avidity to CD20 than rituximab, and it adheres to an additional antigenic epitope. 90 In a phase II study that enrolled 38 RRMS patients, participants received two doses of either 100, 300 or 700 mg ofatumumab, or placebo. At week 24, there was a significant reduction of Gd + lesions on brain MRI in the treatment groups. 91 A phase III clinical trial that compares the efficacy and safety of ofatumumab against teriflunomide in patients with RRMS is ongoing [ClinicalTrials. gov identifier: NCT02792218].
Ublituximab. Another humanized anti-CD20 mAb, this is currently in phase II clinical development for patients with RRMS [ClinicalTrials.gov identifier: NCT02738775].
Anti-CD20 therapies in NMOSD
Rituximab. This agent is currently considered a first-line therapy for patients with NMOSD by many providers, despite the fact that at this time, the evidence supporting the use of rituximab in NMOSD is mostly class IV with no prospective randomized controlled studies reported to date. Data from numerous small, uncontrolled studies suggest that rituximab has a beneficial effect on the relapse rates in NMOSD. [92] [93] [94] [95] However, the treatment responses have been heterogeneous and relapses on rituximab treatment are not infrequently reported. The reasons for rituximab treatment failure are not fully known. One possible explanation for rituximab failure could be limitations of rituximab in targeting pathogenic CD19 + / CD20 − plasmablasts and plasma cells. In fact, in rheumatoid arthritis patients treated with rituximab, peripheral CD19 + /CD20 − plasmablasts/ plasma cells are continuously detected despite essentially complete (>99%) and durable (up to 6 months) depletion of earlier-stage CD19 + / CD20 + B cells, 62 and similar observations have been made in other autoimmune diseases including SLE and MS (Table 1) . Alternatively, pro-and anti-inflammatory cytokine networks, which likely play a role in the occurrence of attacks, may respond differently to B cell depletion therapy in different patients.
It is interesting to note the variable and often minor reduction in AQP4-IgG titers in NMOSD patients treated with rituximab, 94, 96 mirroring the inconsistent effects of anti-CD20 therapy on potentially pathogenic immunoglobulin levels in other autoimmune diseases. [97] [98] [99] It remains to be determined whether CD19-targeted agents affect pathogenic autoantibody levels in autoimmune disease patients.
Safety
Currently, no long-term safety data are available to adequately assess the impact of long-term CD19 Ab-mediated cell depletion in patients with CNS autoimmune disorders. Further clinical trials and accumulative experience over time are needed to establish the safety profile of anti-CD19 therapies in CNS autoimmune diseases. Some potential concerns of anti-CD19 therapies were recently articulated by Mei and colleagues. 62 Weakening of protective adaptive humoral immune responses and host defense against pathogens and neoplasms may occur, and may not be restricted to the CNS compartment. Acquired adaptive immunity against vaccines may be Anti-CD20 therapy has been in use for at least a decade, with many thousands of patients treated, and appears to have a favorable safety profile. For example, in a long-term safety follow-up study of a large cohort of rheumatoid arthritis patients treated with one or more courses of rituximab, including more than 1200 patients followed for over 5 years, 100 rates of all adverse events in the rituximab group were similar to those in the placebo group and were highest in the first 6 months after first exposure, in part due to infusion-related reactions which occurred primarily at the first infusion. The most frequent serious infectious events were lower respiratory tract infection, predominantly pneumonia. Serious opportunistic infections, tuberculosis, de novo and reactivated hepatitis B, and malignancy were rare. The US Food and Drug Administration (FDA) recently implemented changes to the prescribing information of rituximab and ofatumumab to add new Boxed Warning information about the potential risk of hepatitis B virus (HBV) infection reactivation. 101 The FDA had previously issued a warning that two patients died of progressive multifocal leukoencephalopathy (PML) due to reactivation of JC virus in the CNS after being treated with rituximab for SLE.99
Overall, potential concerns about the increased risks of infection and malignancy from long-term immunosuppression may apply to both anti-CD19 and anti-CD20 mAb treatment. This may especially be true after long-term therapy in patients who have received other immunoregulatory agents. Long-term pharmacovigilance appears a prudent measure to capture any safety signals.
Discussion
The scientific rationale for B cell depletion in CNS autoimmunity is established, and there is clear evidence for clinical benefit of CD20-targeted agents (ocrelizumab, rituximab) in RRMS. Furthermore, rituximab is often used 'off-label' in NMOSD on the basis of data from numerous uncontrolled clinical studies. One important goal of B cell-depleting therapies in these diseases is the elimination of autoantibodyproducing cells. In the case of CD20-targeted agents, this goal is achieved, at least partially, by preventing the de novo generation of plasma cells from their precursors, since CD20 expression is generally not present on autoantibody-producing cells. One potential downside of an anti-CD20 treatment approach is the incomplete reduction of plasma cells and plasmablasts. In MS and in other autoimmune diseases, there are ample data regarding the persistence of CD19 + PCs that produce pathogenic autoantibodies following treatment with the CD20-targeted agent rituximab (Table 1) . CD19-targeting agents, on the other hand, deplete plasmablasts and plasma cells [76] [77] [78] due to the retention of CD19 on many of these later-stage cells, and thus these agents may potentially be more effective at eliminating production of pathogenic autoantibodies. However this assumption needs to be tested in a clinical setting, and whether this translates into additional clinical benefit beyond that seen with CD20-targeted agents remains to be seen. Other desirable pharmacological effects of eliminating B cells, such as disrupting the aberrant proinflammatory cytokine networks that perpetuate inflammation in MS and NMOSD, are likely to be similar between CD19-versus CD20-targeted agents due to the shared expression of both markers during much of B cell development. For the same reason, a combination of anti-CD19 and anti-CD20 directed therapies would likely have no additive or synergistic effect.
A potential limitation of both CD19-and CD20-targeted therapies is that B cells that reside in target tissues may be less affected by this approach. Thus, elimination of immunological memory against one or multiple autoantigens may be incomplete. Questions remain regarding the understanding of the exact compartment(s) in which pathogenic B cells in NMOSD or MS reside, or the degree to which depletion of B cells in these compartment(s) can be achieved by therapeutic mAbs. Certainly, some agents are able to deplete B cells in diseased tissue; inebilizumab, for example, has been shown to deplete plasma cells in affected skin in SSc patients. 78 Moreover, a key unanswered question pertains to the source of pathogenic Abs in CNS autoimmunity. One possibility is that autoantibodies are produced outside the CNS -for example, in circulation or lymphoid tissues, gaining access to the CNS at locations of compromised blood-brain barrier. 103 Alternatively, peripheral AQP4-IgG may bind to traces of CNS antigen that drain to the periphery via the newly recognized CNS lymphatic system, resulting in the activation of CNS-autoreactive T cells. 104 On the other hand, the existence of OCBs and abundant plasmablasts in the CSF of patients with MS, and the existence of AQP4-IgG-producing B cells in the CNS around the time of attack in NMOSD patients, 35, 36 suggests that intrathecal autoantibody production may play a role in these diseases, and that depletion of B cells within the CNS may be required for benefit. Of note, CNS-resident plasmablasts in both MS and NMOSD have been demonstrated to be CD19 + CD20 − , 35, 75 suggesting the possibility of direct depletion by CD19-targeted, but not CD20-targeted, agents.
There is strong biological plausibility to support the hypothesis that CD19-directed agents may be effective in the treatment of human CNS autoimmune disorders. However, there are also some potential concerns that deserve further study. Blair and colleagues recently reported human CD19 + CD24 hi CD38 hi regulatory B cells 105 that suppressed Th1 cell differentiation in vitro. Furthermore, CD19 + CD138 high plasma cells express high levels of the cytokines IL-10 and IL-35, which promote tissue repair and suppress T and B cell memory responses in vivo. 106 Depletion of all B lymphocyte subsets might disrupt B cell homeostasis, and might create a milieu permissive to autoimmunity in some individuals.
Finally, there may be pharmacological limitations regarding the magnitude of B cell depletion in the CNS compartment for anti-CD19 and anti-CD20 therapies. In human patients, the penetration of therapeutic Abs into the CSF is approximately 0.1% of serum levels. 107
Conclusion
The anti-CD20 mAbs ocrelizumab and rituximab have demonstrated clinical benefit in MS, and rituximab has been used 'off-label' in NMOSD patients. Data from anti-CD20 mAbs prove the utility of the B cell depletion as an effective mechanism in treatment of autoimmune disorders. Given the important role of autoantibodies in a number of these diseases, additional benefit may be gained by directly targeting the cells that produce the pathogenic autoantibodies -namely, plasmablasts and plasma cells. CD19-targeted therapies in clinical development in NMOSD and other autoimmune diseases may be a step forward in more completely correcting an aberrant adaptive immune response in these diseases.
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